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Glutamine:fructose-6-phosphate amidotransferase (glucosamine-6-phosphate synthase) catalyzes the first
step of the hexosamine pathway required for the biosynthesis of cell wall precursors. The Candida albicans
GFAI gene was cloned by complementing a gfal mutation of Saccharomyces cerevisiae (previously known as
genl-1; W. L. Whelan and C. E. Ballou, J. Bacteriol. 124:1545-1557, 1975). GFAI encodes a predicted protein
of 713 amino acids and is homologous to the corresponding gene from S. cerevisiae (72% identity at the
nucleotide sequence level) as well as to the genes encoding glucosamine-6-phosphate synthases in bacteria and
vertebrates. In cell extracts, the C. albicans enzyme was 4-fold more sensitive than the S. cerevisiae enzyme to
UDP-N-acetylglucosamine (an inhibitor of the mammalian enzyme) and 2.5-fold more sensitive to N-(4-
methoxyfumaroyl)-L-2,3-diaminopropanoic acid (a glutamine analog and specific inhibitor of glucosamine-6-
phosphate synthase). Cell extracts from the S. cerevisiae gfal strain transformed with the C. albicans GFAI gene
exhibited sensitivities to glucosamine-6-phosphate synthase inhibitors that were similar to those shown by the
C. albicans enzyme. Southern hybridization indicated that a single GFAI locus exists in the C. albicans genome.
Quantitative Northern (RNA) analysis showed that the expression of GFAI in C. albicans is regulated during
growth: maximum mRNA levels were detected during early log phase. GFAI mRNA levels increased following
induction of the yeast-to-hyphal-form transition, but this was a response to fresh medium rather than to the

morphological change.

Candida albicans is an important pathogen in humans (34).
Potentially significant virulence factors include its ability to
undergo morphological transitions between yeast and hyphal
growth forms and its efficiency at adhering to and invading host
tissues (34, 35). Cells in the yeast form may circulate more
freely in the bloodstream, whereas the mycelial cells appear to
be better adapted for tissue invasion. The transition from the
yeast to the hyphal form involves changes in synthesis of both
chitin and mannoprotein (32, 52), both of which are essential
components of the fungal cell wall and involved in host-fungus
interactions. Indeed, hyphal cells express specific mannopro-
teins which are involved in selective binding to host compo-
nents (for reviews, see references 8 and 9).

L-Glutamine:D-fructose-6-phosphate amidotransferase
(glucosamine-6-phosphate synthase [Gfalp or GFAT]; EC
2.6.1.16) catalyzes the formation of glucosamine-6-phosphate,
i.e., the first step in the biosynthetic pathway leading to amino
sugar-containing macromolecules such as glycoproteins and
chitin (31-4 homopolymer of N-acetylglucosamine). The eu-
caryotic glucosamine-6-phosphate synthase is subject to feed-
back inhibition by UDP-N-acetylglucosamine (UDP-GIcNAc),
the substrate for chitin synthase in fungi, some protozoa, and
most invertebrates (21). These two enzymes, glucosamine-6-
phosphate synthase and chitin synthase, catalyze the first and
last reactions, respectively, in the pathway required for the
synthesis of chitin. The step catalyzed by glucosamine-6-phos-
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phate synthase is essentially irreversible and, as such, is con-
sidered the committed step (19). In mammalian cells, glu-
cosamine-6-phosphate synthase is an insulin-regulated enzyme
which controls the flux of glucose into the hexosamine path-
way. In the fungi Blastocladiella emersonii and Aspergillus nidu-
lans, reversible phosphorylation-dephosphorylation appears to
modulate sensitivity to feedback inhibition (6, 17). In C. albi-
cans, chitin synthase activity is modulated both allosterically
and by the rate of enzyme synthesis. The three chitin synthase
genes are regulated at the transcriptional level during the di-
morphic transition (11, 43).

Increased activity of the hexosamine pathway is important in
fungi during morphological changes, such as during germ tube
formation in C. albicans. This is accompanied by a three- to
fivefold increase in the chitin content of the cell wall (10), a
fourfold increase in the specific activity of glucosamine-6-phos-
phate synthase (12), and increased activity of N-acetylglucos-
amine kinase (44). A second example is the formation of the
shmoo during the mating response of Saccharomyces cerevisiae.
Here, among other changes, the addition of mating factors in-
duces a fourfold increase in the levels of chitin in the cell wall
(42) and the appearance of a specific O-glycosylated manno-
protein (36). This is reflected at the mRNA level: transcription
of GFAI gene in a cells is stimulated by the addition of « factor
(54).

Chitin/hexosamine biosynthesis is an important target for
antimicrobial agents, and a number of antibiotics which affect
the activity of glutamate synthetase are known. For example,
tetaine (also known as bacilysin and bacillin) is a powerful
inhibitor of C. albicans and particularly decreases the viability
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FIG. 1. Southern analysis of the C. albicans GFAI gene. C. albicans genomic
DNA was digested with BamHI, Hindlll, or EcoRI and subjected to Southern
blotting. Filters were probed with a 4-kb EcoRI fragment of YEpGW42 carrying
the S. cerevisiae GFAI gene (S.c. GFA1 probe) (54), stripped, and then reprobed
with C. albicans GFAI sequences (C.a. GFA1 probe) by using a mixed probe
comprising two copurified 0.8-kb HindIIl fragments from YCpCaGFA. The
approximate lengths of the observed fragments are shown.

of the mycelial form (30). Tetaine is transported into the cells
by a specific dipeptide permease and by the oligopeptide trans-
port system in the yeast and hyphal forms, respectively. Once
inside the cell, peptidases act to produce the C-terminal epoxy
amino acid anticapsin. This acts as a glutamine analog and
causes the irreversible inactivation of glucosamine-6-phos-
phate synthase in vitro (31). N°-(4-Methoxyfumaroyl)-L-2,3-di-
aminopropanoic acid (FMDP) is another glutamine analog
which acts as a specific inhibitor of glucosamine-6-phosphate
synthase (28). Rationally designed FMDP-peptides show che-
motherapeutic activity in the murine model of disseminated
candidiasis (29). An increased understanding of the structure
and mechanism of action of glucosamine-6-phosphate synthase
from fungal pathogens would further increase its considerable
potential as a target for antifungal drug therapy.

In this paper, we report the first isolation and characteriza-
tion of a glucosamine-6-phosphate synthase gene from a fungal
pathogen. This C. albicans GFAI gene is shown to complement
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a gfal mutation in S. cerevisiae and to confer upon this mutant
the profile of drug sensitivity normally associated with the C.
albicans enzyme. We also report the existence of a single GFA1
locus in C. albicans, the expression of which is regulated during
growth and dimorphism.

MATERIALS AND METHODS

Chemicals. FMDP was synthesized by R. Andruskiewicz, Technical University
of Gdansk.

Yeast strains and culture conditions. C. albicans Robin Berkhout 3153A was
obtained from the London Mycological Reference Laboratory. C. albicans
ATCC 10261 was a gift from M. Payton, Glaxo Institute for Molecular Biology,
Geneva, Switzerland (45). These strains were grown to late exponential phase in
the yeast form at 25°C with shaking at 200 rpm in YPD (2% glucose, 2%
bacteriological peptone, 1% yeast extract). The yeast-to-hyphal-form transition
was induced by transferring yeast cells to fresh medium containing 10% bovine
calf serum at 37°C. S. cerevisiae XW270-2D (MATo gfal-1 lys2-2) was provided
by C. E. Ballou (gfal was previously known as genl-1 [55]). XW270-2D was
crossed with W303-1B (MATa ade2 his3 leu2 trpl ura3) and sporulated to pro-
duce the strains RS417-1B (trpI ura3 his3 leu2 ade2 gfal-1) and RS418-8C (trpl
ura3 gfal-1). S. cerevisiae BJ1991 (MATo pep4-3 prbl ura3 leu2 trpl) was pro-
vided by I. Purvis, Glaxo Group Research, Greenford, United Kingdom. S.
cerevisiae was propagated in YPD with glucosamine added to 5 pg ml~! when
necessary or in defined medium containing 2% glucose, 0.65% yeast nitrogen
base without amino acids, and the appropriate supplements at 50 g ml~'.

Bacterial strains, plasmids, and bacteriophages. Escherichia coli IM109 (57)
and NM522 (22) were the host strains for M13 derivatives M13mp18 and
M13mp19 (Life Technologies). DH5«F" was used for plasmid selection and
amplification. The C. albicans genomic library (provided by M. Payton) consisted
of yeast DNA fragments of 9 to 13 kb obtained by partial Sau3A digestion of C.
albicans ATCC 10261 DNA and insertion into the BamHI site of YCp50 (45).
The library was propagated in E. coli DH1. Plasmid YEpGW42 (provided by W.
Tanner) carries the S. cerevisiae GFAI gene on a 4-kb EcoRI fragment inserted
into YEp352 (54). Plasmid YCpCaGFA was isolated by complementation of the
gfal-1 mutation in S. cerevisiae RS418-8C.

Preparation of soluble protein extract. S. cerevisiae or C. albicans strains were
grown overnight at 25°C with vigorous shaking in YPD, harvested by centrifu-
gation, and washed with 50 mM potassium phosphate buffer (pH 7.0) containing
1 mM EDTA. Cells were disrupted in 50 mM potassium phosphate buffer (pH
6.5) containing 1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, and 1 mM
dithiothreitol by using a small-scale glass bead disruption procedure (5). The
broken-cell suspension was centrifuged at 27,000 X g for 30 min at 4°C. Cell
extracts were prepared by passing the supernatant through a small Sephadex
G-25 column which had prevmusly been equilibrated with the disruption buffer.

Determination of gluc phosphate synthase activity. A standard in-
cubation mixture in a total volume of 1 ml consisted of 15 mM b-fructose-6-
phosphate, 10 mM L-glutamine, 1 mM EDTA, 0.5 mM phenylmethylsulfonyl
fluoride, 1 mM dithiothreitol, 50 mM potassium phosphate buffer (pH 6.5), and
cell extract (final protein concentration, 0.15 to 1.5 mg ml™'). The reaction was
started by adding cell extract, incubated at 30°C for 30 min, and terminated by
heating at 100°C for 1 min. The concentration of glucosamine-6-phosphate was
determined by the modified Elson-Morgan procedure (24). Assays were per-
formed in triplicate, and errors were less than 5%. One unit of specific activity
was defined as the amount of enzyme that catalyzed the formation of 1 wmol of
glucosamine-6-phosphate h™! mg of protein—!.

DNA isolation and manipulations. Yeast genomic DNA was prepared by the
procedure of Boeke et al. (4). S. cerevisiae cells were transformed by the lithium

1kb
GFA1
A. T I L " T |
8 X RV RV S B RV Xh N N Ba
B sc H H H H
Ps .’ R
e GFAT
B. L ORF169 o -
I i I 1 Pl T
H R R S CH PR B XH H

1kb

FIG. 2. Restriction map of the C. albicans GFAI locus. (A) Restriction map of the 9.5-kb fragment of C. albicans DNA from YCpCaGFA. The GFAI gene is shown
as a heavy line. An upstream open reading frame is also shown (ORF169). Empty boxes indicate YCp50 DNA sequences flanking the BamHI cloning site. Abbreviations
for restriction endonucleases: B, Bg/ll; Ba, BamHI; C, Clal; H, HindIIl; N, Ndel; P, Pvull; Ps, PstI; R, EcoRI; RV, EcoRV; S, Sall; Sc, Sacl; X, Xbal; Xh, Xhol.
Enzymes with no sites include Smal, Kspl, Kpnl, Nrul, Ncol, Mlul, Notl, Sphl, Apal, and AatIl. (B) Restriction map of 3.7 kb spanning the GFA! gene, as deduced

from the DNA sequence. Only the sites used for subcloning are shown.
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-1422 AAGCTTGCCA TGTCATTTTT TTTATAGTCT ATAATATTAT TATTGTTGTT ATTACGAGTG ATGAACAATA AAAATAAACT AGGGGTATTA TGCTCATCTC TAATGACGTG TCGTTIGTTC

HindIII
-1302 TTTTTTTTAG TGTAGTAATA GAGAGTTAGG CTTGGTCACT TATAGATGAA ACATTTTGAC GACAAGATTG GTTTTGGTCC CTTTGAAGAA AAAAAAAATA GCGTTTCATC AGGATACGAT

~1182 GTGGTACAAA TCAAAAGAAT GTTCAGTTCT ATGCTCTTGG CCAATGGTCT ATTGGTAGAA CAGGTCACAC AATTCTTGTT CTCTAAAGAA GCCTAAGCCA TTCAAATGTA ATTTAATCGT
-1062 AAACAATTAG AATTTAACGC CATATACGAA ATTATAAAAA TAATTCCATT TAAAATGTAA CATTTAATTA TTCAACAACC ACAACAACAA TAGGCCAAMA CARAGCCGAA AAAATCGTCA

M NDbPL ETUL TS S AGSF NQK WOH CNQN KNIR NRT DFNZR GVUL PTT
-942 ATGAATGACC TTGAAACTTT AACATCTAGT GCTGGGTCAT TCAATCAAAA ATGGCAACAT TGTAACCAAA ATAAAAACAG AAATAGAACA GATTTTAATA GAGGAGTACT GCCTACTACT

$ I s5LT LI I YFC GIQK sSsQL 6GIH §SNVF N:L T I LG NVID S TZE KTZKHR
=822 AGCATCTCTC TGTTAATAAT ATATTTTTGT GGTATACAAA AATCCCAACT TGGAATTCAT TCAAATGTTT TTAATTTAAC CATTTTAGGC AATGTGATTG ATTCGACGGA AAAAAAAAGA
EcoRI
XK RKI S HT XKFPF CMGG CAC VRG YYVSsS FEM S PE TIOH S NS T HH
~702 AABDAGAAAAA TTTCACACAC CAAATTCTTT TGTATGGGCG GGTGTGCGTG TGTGCGTGGG TATTACGTGT CATTTGAAAT GTCCCCTGAA ACAATTCAAC ACAGTAATTC TACCCACCAC

Qg TUL TTT VII LQI K FAE AIH QTAN DIT WAA VVIV ERD Q1IK
-582 CACCAAACAC TAACAACAAC AGTAATAATT TTACAAATCA AGTTTGCAGA AGCTATACAT CAAACAGCTA ATGACATCAC GTGGGCAGCA GTAGTAATAG TAGAGAGAGA TCAAATCAAA

Y CMG KTI s c s *
-462 TATTGTATGG GTAAAATTAG TTGTAGTTGA AAAGTGTCCA AAAATAGAAA CTACTATGCA GGATAGAAGA AAACAAACAC AAATATAAAA TAGTACGGTG AAATTTTITTT TTTGGAGGCG

-342 TTGTCCGTTA ACCAACATAC ACATTGTATA TCTCTCCCAA ACTTATACAG TATATATACC AGTTTGAAAT ATACTACTTG TGTCTCATTA AGAAACATTT CAAAAAATAT TTTTCCAACA

~222 AAAMATTTTT CCATTTCTTT ATATTCTTTC TTTCTTTTTA CTTCCGATAT CATCACTTTA TTTTGTTTTT ACTTATTTCA AATTTCAATA TTGAATTCAA TTTTCACTTT GTTCATTGAT
EcoRI
M C G I F G
-102 CTTTGAATTA TATATTTTTT TGGGAAGAAT CATTAGAATA ATAATATACA TAGATACATT CGCTTTTTTT TTTATTTTTG AGAAAAATCA ATCTTATAAA TCATGTGTGG TATTTTTGGT

Y VN F L VD KSR GEITI DNILL I EG LQRIL EYR G6YD S AGTI AVD G KL
19 TACGTCAATT TCTTGGTOGA CAAGAGTAGA GGTGAAATCA TTGATAATTT AATTGAAGGT TTGCAACGAT TAGAATATAG AGGTTATGAT TCAGCAGGCA TTGCTGTTGA TGGGAAATTA
Sall
T K DP S NG DEBEE YMDS I IV KTT GKVIK VLK ¢ K1I IDDOGQ I DUZ R S AI
139 ACTAAAGATC CTTCTAATGG TGATGAAGAA TATATGGATT CTATTATTGT TAAAACTACT GGTAAAGTTA AAGTTTTGAA ACAAAAAATC ATTGATGATC AAATCGATAG ATCGGCCATT

FDNH VGI AHT RWAT HGQ PKT ENCH PHK SDP KGETF I VV HNSG

259 TTTGATAATC ATGTTGGTAT TGCTCATACT AGATGGGCTA CACATGGTCA ACCAAAAACT GAAAATTGTC ATCCTCATAA ATCAGATCCA AAGGGGGAAT TCATTGTTGT TCATAATGGT
EcoRI

I I TN YAA L RX YLLS KGH VFE S ETD TET C I AK LFKH F YD L NV

379 ATTATTACTA ATTATGCTGC TTTAAGAAAA TATCTTTTAT CAAAAGGACA TGTTTTTGAA AGTGAAACTG ATACTGAATG TATTGCTAAA TTATTTAAAC ATTTTTATGA TTTGAATGTT

K AGV FPD LNZE LTIKSOEQ VLH ELE GSYG L LV KSY HYU&PG BVC 6 1TR
499 AAAGCTGGTG TTTTCCCTGA TCTTAATGAA TTGACTAAAC AAGTTTTGCA TGAATTAGAA GGTTCTTATG GGTTATTAGT TAAATCTTAT CATTATCCTG GAGAAGTTTG TGGTACTAGA

XK G s P L LV 6VK TDIXKI K L XV DFV DVETF EAQ OQQH RPQQ P QI NUHNEN
619 AAAGGTTCTC CATTATTGGT TGGTGTTAAA ACTGATAAGA AATTAAAAGT TGATTTTGTT GACGTTGAAT TTGAAGCTCA ACAGCAACAT CGACCACAAC AACCACAAAT CAATCATAAT

G AT § A A E L G F I P V A P G E ¢ N L R T s Q S R A F L § E D D L P M P V E F

739 GGTGCCACTT CAGCTGCTGA ATTGGGCTTT ATCCCAGTGG CTCCAGGTGA ACAAAATTTA AGAACTTCTC AATCAAGAGC TTTCCTTTCT GAAGATGATT TACCTATGCC AGTTGAATTC
Pvull EcoRI
F L § s D P A § VV QHTIK K VL F L B D DDTI A H I Y D G E L R I HRA S5 T K

859 TTTTTATCTT CTGATCCTGC ATCAGTGGTT CAACACACCA AAAAAGTTTT ATTTTTAGAA GATGATGATA TTGCTCATAT CTATGATGGG GAATTACGTA TTCATAGAGC TTCGACTAAA

S AGE 8 TV RPI QTULE M EL NETI MKG?P Y KH FMOQ KETITF EQP DS A
979 TCTGCTGGGG AATCTACTGT TAGACCAATT CAAACTTTAG AAATGGAATT GAATGAAATT ATGAAAGGCC CCTATAAACA TTTTATGCAA AAAGAAATTT TCGAACAACC AGATTCTGCT

F NTM RGR IDF ENCV VTL GG6L KSWUL S§TTI RRC RRITI MIA CGT
1099 TTTAATACTA TGAGAGGTAG AATTGATTTT GAAAATTGTG TTGTTACCCT TGGTGGATTA AAATCATGGT TATCTACAAT TAGAAGATGT AGAAGAATCA TTATGATTGC TTGTGGTACT

S YHS ¢cLA TRS I1IFEE LTE IPV $VETL ASD FLD RRSZP VFR DDT
1219 TCATATCATT CATGTTTAGC CACGAGATCA ATTTTTGAAG AATTGACAGA AATCCCOGTT TOGGTTGAAT TAGCTTCTGA TTTCTTGGAT AGAAGATCTC CAGTTTTCAG AGATGATACT
BglIl
CVFV SsQSs GET ADSTI LAL QYC LERGALT VGI VNSV GS S M S R
1339 TGTGTATTIG TTTCTCAATC GGGTGAAACT GCCGACTCCA TTTTGGCTTT ACAATATTGT TTGGAAAGAG GAGCTTTAAC TGTTGGTATC GTTAACTCTG TTGGTTCTTC AATGTCTAGA

Q THC GVH I NA GPEI G6GVA STZK AYTS QQ°YI ALV MFAL S LS NDS
1459 CAAACCCATT GTGGGGTTCA TATTAATGCT GGGCCAGAAA TTGGTGTTGC CTCAACTAAA GCTTACACAT CTCAATATAT TGCCTTGGTG ATGTTTGCCC TTTCTTTATC TAATGATTCT
HindIII
I S RK GRH EEI IXKOGUL Q KI PEQ I XV L KUIL ENZEK I KDUIL CNJS S LN
1579 ATTTCCAGAA AGGGAAGACA TGAAGAAATT ATTAAAGGTT TACAAAAAAT CCCTGAACAA ATTAAACAAG TTTTGAAATT AGAAAACAAG ATCAAAGATT TATGTAATAG TTCATTGAAT

DQKS LLL LGR GYOQF ATAULEG ALIKTI KETI S YM HSEG VLA GEL
1699 GATCAAAAAT CTTTATTATT ATTAGGTAGA GGTTATCAAT TTGCTACTGC TTTAGAAGGG GCTTTAAAAA TTAAAGAAAT TTCTTATATG CATTCTGAAG GGGTATTAGC TGGTGAATTA

X H 661 L AL VDE DVLUPI I AF ATR DSLTF PKV MS A I EQV T AR DGR
1819 AAACATGGTA TATTAGCATT AGTCGATGAA GATTTACCAA TTATTGCCTT TGCCACTAGA GATTCATTAT TTCCTAAAGT TATGTCCGCT ATTGAACAAG TCACTGCTAG AGATGGTAGA

P I VI CNE GDA I I SN DKV HTT LEV?P?P ETV DCL QGLUL NVI PLQ
1939 CCAATTGTTA TTTGTAATGA AGGTGATGCT ATTATTTCTA ATGATAAAGT TCATACTACT TTAGAAGTTC CAGAAACCGT TGATTGTTTA CAAGGGTTAT TAAATGTTAT TCCATTACAA

L T s Y WLA VNR GIDV DFP RNUIL AKSV TV E +*+ +
2059 TTGATTAGTT ATTGGTTGGC TGTGAATAGA GGTATTGATG TTGATTTCCC TCGTAACTTG GCTAAATCAG TTACTGTTGA GTAATGAAAA TGTATGATGT CTGTGTGTGT TTTTATTAGT

2179 TTTAAGAGTC TGTGTGGAGT GTGTCAAATA GAAAGGTTAA TTTGGTTCTA GTGTTTAATA TATATATAAA TAATATCATT AATATTGTTG TAGGAAGCTT
HindIII

FIG. 3. Nucleic acid sequence of the GFAI locus. The DNA sequence presented covers 3,700 nucleotides. The open reading frame which corresponds to GFAI is
shown, with the predicted amino acid sequence above. A second, upstream open reading frame corresponds to ORF169 (Fig. 2). Four potential TATA boxes are
underlined. The A of the initial methionine codon is numbered 1. Two concurrent termination codons are marked with asterisks.
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acetate method following the protocol of Ito et al. (23). Plasmids were recovered
from S. cerevisiae by transformation of E. coli with a sample of lysed yeast extract
(47). Molecular weight markers for electrophoresis were made by mixing lambda
DNA digested with HindIII and with both HindIII and EcoRI. Standard proce-
dures were used for the isolation and subcloning of plasmid DNA fragments (38).

DNA sequence analysis. The dideoxynucleotide chain termination methods of
Sanger et al. (39) were used with Sequenase enzyme (United States Biochemical
Corp.), [a->>S]dATP, 1 ug of single-stranded M13 or 3 p.g of denatured plasmid
template, and the M13-40 sequencing primer or synthetic oligonucleotide prim-
ers. Segments of the GFAI gene were subcloned into M13mp18 and M13mp19
for sequencing on both strands. DNA sequences were analyzed with the Genetics
Computer Group programs (15) on the SERC computer at the Daresbury Lab-
oratory.

Southern analysis. Using procedures adapted from those of Southern (46),
genomic DNA was digested to completion with a twofold excess of restriction
enzyme, resolved by electrophoresis through a 0.8% agarose gel, denatured, and
vacuum transferred (Vacugene; Pharmacia) to a nylon membrane (HiBond N;
Amersham). Transfer buffer was 20X SSC (3 M NaCl, 0.3 M sodium citrate [pH
7.0]). The DNA was fixed by baking at 80°C for 2 h and prehybridized in a Hybaid
bottle oven at 65°C in 5X SSC-0.5% sodium dodecyl sulfate (SDS)-5X Den-
hardt’s solution (0.5% Ficoll, 0.5% bovine serum albumin, 0.5% polyvinylpyrro-
lidone)-200 pg of denatured salmon sperm DNA ml ™. After 4 h, 5 ng of [«->*P]
dCTP-labelled restriction fragment was added (labelled at approximately 1 nCi
ng of DNA™! by primer extension [18]). Hybridizations were carried out for 20
h at 65°C, and then the filters were washed twice at 18°C for 2 min each time in
2X SSC-0.5% SDS and three times at 65°C for 15 min each time in 4X SSC-
0.5% SDS (low stringency) or 0.1X SSC-0.5% SDS (high stringency).

RNA analysis. RNA was prepared by shearing the cells with glass beads and
phenol-chloroform extraction, followed by two ethanol precipitation steps (7).
After separation on a 1.2% agarose gel containing formaldehyde (38), the RNA
was vacuum transferred to a HyBond-N membrane for 6 h. Hybridization was car-
ried out in 40% formamide-5X Denhardt’s solution-0.5% SDS-5X SSC-100 pg of
denatured salmon sperm DNA ml™!. After prehybridization for 4 h at 42°C, 25 ng
of [a-*?P]dCTP-labelled probe was added and the filter was incubated overnight.
Filters were washed twice for 5 min each in 2X SSC-0.5% SDS at 20°C and then
three times for 15 min each in 0.5X SSC-0.5% SDS at 55°C. Signals were quan-
tified directly by two-dimensional radioimaging with an AMBIS Radioanalytic
System (LabLogic, Sheffield, United Kingdom) (33). To date, there has been no
report of a C. albicans mRNA that remains at a sufficiently constant level for use
as an internal loading control on Northern (RNA) blots (14, 49-51). Therefore,
mRNA levels were measured relative to the rRNAs by loading approximately
equal amounts (20 pg) of total RNA in each lane of the Northern gels (49-51).

Nucleotide sequence accession number. The EMBL accession number of the
GFAI gene sequence is X94753.

RESULTS AND DISCUSSION

Isolation of the C. albicans GFAI gene. Before attempting to
isolate the C. albicans GFAI gene, Southern analysis was per-
formed to investigate the number of C. albicans loci with sig-
nificant homology to the previously characterized S. cerevisiae
GFAI gene (54). Genomic DNA from C. albicans 3153A was
probed with the GFAI gene of S. cerevisiae (Fig. 1). When
filters were hybridized under low-stringency conditions with
the 4-kb EcoRI fragment from YEpGW42, single bands were
observed in the EcoRI and BamHI digests and three HindIII
bands of 0.8, 2.7, and 2.9 kb were seen. This suggests that
C. albicans has a single GFAI locus with at least two internal
Hindlll sites.

Since a number of C. albicans genes have been successfully
identified by complementation of S. cerevisiae mutants (37), we
isolated the C. albicans GFAI locus by complementing the
glucosamine auxotrophy of S. cerevisiae gfal mutants. In addi-
tion to this auxotrophy, which blocks essential chitin biosyn-
thesis and protein N glycosylation (54), homozygous gfal dip-
loids fail to complete sporulation, forming spores with aberrant
cell walls (55). The S. cerevisiae gfal haploid, RS418-8C, was
transformed with 5 pg of the YCp50 library (45), and about
4,000 Ura™ transformants were screened on minimal medium
lacking glucosamine. Plasmid YCpCaGFA was rescued by
transforming E. coli DH5aF’ with a cell lysate from one S. cere-
visiae transformant. Retransformation of YCpCaGFA into S.
cerevisiae RS417-1B confirmed that this plasmid repaired the
glucosamine auxotrophy displayed by a gfal-1 mutant.

Plasmid YCpCaGFA contained an insert of 9.5 kb. The re-
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Rl GALKLKEVSYIHAEGYAAGELKHGPIALIDENMPVI VIAPHDRFFDKTVSNMQEVAARGG 540
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Ca PRNLAKSVIVE 713
Sc  PRNLAKSVTVE 716
Hu PRNLAKSVTVE 681
Ec PRNLAKSVTVE 609
Rm  PRNLAKSVTVE 605
R1 PRNLAKSVIVE 608

FIG. 4. Alignment of the predicted amino acid sequence of the GFAI open
reading frame with glucosamine-6-phosphate synthase sequences from other
species. The amino acid sequences of glucosamine-6-phosphate synthase from six
organisms were aligned by using the CLUSTAL V program: C. albicans (Ca), S.
cerevisiae (Sc), human (Hu), E. coli (Ec), R. meliloti (Rm), and R. leguminosarum
(RI). The numbers down the right-hand side are from the initial methionine
residue for each sequence. Gaps introduced to maximize this alignment are
shown by dashes, identical residues are indicated by asterisks, and similar resi-
dues are indicated by dots.

striction map of this insert (Fig. 2) was consistent with the
hybridization patterns observed upon Southern blotting of C.
albicans genomic DNA with the S. cerevisiae GFAI gene (Fig.
1). The HindIII digest of the cloned insert included two frag-
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TABLE 1. Codon usage frequencies for C. albicans GFA1

A;Eiigo Codon Frequency A:giigo Codon Frequency A:C]iigo Codon Frequency A;Eiigo Codon Frequency
F I'TT 19 S TCT 27 Y TAT 17 C TGT 14
F TTC 9 S TCC 3 Y TAC 2 C TGC 0
L TTA 45 S TCA 15 * TAA 1 * TGA 0
L TTG 19 S TCG 4 * TAG 0 W TGG 3
L CTT 5 P CCT 9 H CAT 22 R CGT 2
L CTC 0 P CcCC 2 H CAC 1 R CGC 0
L CTA 0 P CCA 16 Q CAA 28 R CGA 2
L CTG* 0 P CCG 0 Q CAG 1 R CGG 0
1 ATT 43 T ACT 28 N AAT 23 S AGT 4
I ATC 11 T ACC 4 N AAC 3 S AGC 0
1 ATA 1 T ACA 4 K AAA 40 R AGA 29
M ATG 12 T ACG 1 K AAG 5 R AGG 0
A\ GTT 43 A GCT 31 D GAT 41 G GGT 32
A\ GTC 4 A GCC 9 D GAC 3 G GGC 3
\'% GTA 2 A GCA 3 E GAA 49 G GGA 5
A\ GTG 4 A GCG 0 E GAG 1 G GGG 10

“The CTG codon is thought to encode serine in C. albicans (40, 41, 56).

ments of 0.8 kb, one of 2.7 kb, and one of 2.9 kb. The presence
of GFAI-like sequences in YCpCaGFA was confirmed by
Southern hybridization between this C. albicans genomic clone
and the 4-kb EcoRI fragment from YEpGW42 carrying the S.
cerevisiae GFAI gene (results not shown).

The two 0.8-kb HindIII fragments from YCpCaGFA (Fig.
2A) were copurified from an agarose gel and used to reprobe
the Southern blot of C. albicans DNA. This yielded a 5.5-kb
EcoRlI fragment, a 20-kb BamHI fragment, and a HindIII band
of 0.8 kb (Fig. 1). Bands of similar lengths were observed with

the S. cerevisiae GFAI probe, further indicating that the C. al-
bicans GFAI locus had been cloned. An additional HindIII
band of 3.2 kb was also observed on this Southern blot (Fig. 1).
This band was due to the mixed probe, which, in addition to
GFAI sequences, contained the 0.8-kb HindIII fragment from
YCpCaGFA carrying the 3’ end of the genomic clone (Fig. 2).

Sequence analysis of GFA1. GFAI genes have been isolated
previously from bacterial (2, 16, 48, 53), fungal (54), and mam-
malian (27) cells. The sequence of the C. albicans GFAI locus
revealed an open reading frame of 2,139 bp, capable of encod-

A.
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Germ tubes (%) 0 00 0 0000 0 510 40 5 5090100
Time (min) S 204570120 204570120 204570120 204570120
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FIG. 5. GFAI mRNA levels during the yeast-to-hyphal-form transition. (A) An overnight starter culture of C. albicans 3153A (S) grown in YPD at 25°C was used
to inoculate flasks containing either YPD at 25°C (25C), YPD containing serum at 25°C (25C + serum), YPD at 37°C (37C), or YPD containing serum at 37°C (37C
+ serum), and the proportion of cells forming germ tubes in each culture was determined by light microscopy. The levels of GF41 mRNA were measured at various
times thereafter by quantitative Northern analysis. (B) The radioactive signals obtained on the filter shown in panel A were quantified directly by two-dimensional
radioimaging. mRNA levels are presented relative to those in the starter culture immediately before dilution into fresh medium (100%).
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ing a protein of 713 amino acids (Fig. 3) with homology to
glucosamine-6-phosphate synthase from S. cerevisiae (84%
similarity, 73% identity) (Fig. 4). Not surprisingly, the bacterial
enzymes from E. coli and two Rhizobium species were less
closely related to the C. albicans protein (59% similarity, 38 to
39% identity), although the two Rhizobium enzymes were very
similar to each other (82% identity). The C. albicans protein
was also homologous to the human (Fig. 4) and mouse (not
shown) sequences. The mouse sequence is not included in the
alignment, because it differed from the human sequence by
only seven residues. These sequence comparisons suggest
strongly that we had cloned the structural gene for the C. al-
bicans glucosamine-6-phosphate synthase.

Glucosamine-6-phosphate synthase belongs to the group of
purF amidotransferases (58). In the mature form, these en-
zymes contain a conserved N-terminal cysteine residue which
functions in the glutamine amide transfer. This was also seen in
the bacterial glucosamine-6-phosphate synthase (1). Such a
residue is present in the predicted amino acid sequence of
the C. albicans Gfal protein, assuming that the N-terminal
methionine is removed in the course of posttranslational pro-
cessing (Fig. 3). Lysine 708, present in the highly conserved
C-terminal region of the C. albicans Gfal protein, probably
corresponds to lysine 603 in the E. coli glucosamine-6-phos-
phate synthase (numbering without the N-terminal methio-
nine). This residue is involved in the binding of p-fructose-6-
phosphate (20).

Comparison of eukaryotic (C. albicans, S. cerevisiae, and hu-
man) and prokaryotic (E. coli, Rhizobium leguminosarum, and
R. meliloti) glucosamine-6-phosphate synthase sequences re-
veals a relatively large region (residues 219 to 284 according to
the C. albicans numbering) that is lacking in the prokaryotic
proteins. Since eukaryotic glucosamine-6-phosphate synthases
differ from the bacterial enzymes in that the former are subject
to allosteric inhibition by UDP-GIcNAc (see Table 2) (25), it
seems possible that this region contains amino acids involved
in the interaction with the allosteric effector.

The G+C content of the GFAI sequence was consistent with
that observed previously for C. albicans sequences (35%
G+C): 32.8% for the structural gene and 29.9% for the up-
stream sequences. The codon usage frequencies (Table 1) re-
flected a low bias and were consistent with a C. albicans gene
that is not highly expressed (26). The GFAI sequence contains
no CTG codons which are translated as serine instead of
leucine in C. albicans (40, 41, 56).

A 1.42-kb segment of flanking DNA upstream from the
GFAI gene was also sequenced. Four TATA-like sequences
were found at —55, —88, —197, and —285 with respect to the
translation initiation codon. The context of the proposed ini-
tiation codon (AAAUCAUGUGU) was not dissimilar to that
proposed by Cigan and Donahue (13) to promote favorable
translation initiation in S. cerevisiae ([A/Y]A[A/UJAAUGU
CU).

A second open reading frame, which encoded a possible
169-amino-acid polypeptide, was identified. It started at posi-
tion —942 upstream from the GFAI coding sequence and
continued to position —420 (Fig. 3). This open reading frame
showed no significant similarity to any sequence in the GenBank-
EMBL databases, and therefore its function remains obscure.
There are two TATA-like sequences at —84 and —95 relative
to the start of this open reading frame, and between —16 and
—47 there are two stretches of CAA repeats. Regions of CAA
repeats have been identified in the leader regions of other C.
albicans genes, but their functional significance is not yet
known (3).

GFAl gene regulation. Previous reports indicate that the
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FIG. 6. GEAI mRNA levels during growth of the yeast form in YPD at 25°C.
(A) An overnight starter culture of C. albicans 3153A was used to inoculate a
fresh culture of YPD (arrow). The culture was incubated at 25°C with shaking
(200 rpm), cell numbers were monitored by light microscopy, and cells were
harvested for Northern analysis at the points shown (samples 2 to 8). (B) North-
ern analysis was performed on 20 pg of RNA prepared from the starter culture
(sample 1) and from cells harvested at various times during growth (samples 2 to
8). Radioactive signals in most samples were too low to be quantified by two-
dimensional radioimaging (<10 cpm).

activity of the hexosamine pathway rises during germ tube
formation in C. albicans (12, 44). Hence, we measured GFAI
mRNA levels during the yeast-to-hyphal-form transition. Hy-
phal growth was induced by transferring C. albicans 3153A
yeast cells grown in YPD at 25°C to fresh medium containing
10% bovine calf serum at 37°C, and RNA was isolated at
various times up to 120 min. RNA was also analyzed from
control cultures grown in fresh YPD at 25°C without serum,
25°C with serum, or 37°C without serum (Fig. 5). The GFAI
probe detected a single band on the Northern blots corre-
sponding to an mRNA of about 2.5 kb and consistent with the
GFAI open reading frame of 2,139 bp (Fig. 3). Like other
mRNAs involved in chitin biosynthesis (43), the GFAI mRNA
was present at low levels (approximately 200-fold lower than
the abundant alcohol dehydrogenase mRNA [50]).

The GFAI mRNA level increased about threefold when
hyphal development was stimulated, but similar increases were
observed in the control cultures (Fig. 5), suggesting that GFA1
expression was responding to the fresh medium rather than
morphogenesis. To test whether GFAI expression was regu-
lated during growth, Northern analysis was performed on RNA
prepared at various times during the growth of C. albicans
3153A in the yeast form on YPD at 25°C (Fig. 6). The level of
the GFAI mRNA was at its highest in early exponential growth
phase, becoming low in late exponential phase and undetect-
able in stationary phase. Hence, GFAI appears to respond to
growth and the concomitant need for cell wall biosynthesis
rather than to morphogenesis. This is consistent with previous
reports which indicate that numerous C. albicans genes are
influenced by the underlying physiological changes that accom-
pany morphogenesis rather than the change in cell shape per
se. These include glycolytic, actin, translation elongation factor
3, and ribosomal protein 10 mRNAs (14, 49-51).

Glucosamine-6-phosphate synthase activity in S. cerevisiae
transformants. Glucosamine-6-phosphate synthase activities
in cell extracts from S. cerevisiae BJ1991 (GFAI), RS417-1B
(gfal-1), and RS417-1B transformed with YCpCaGFA and
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TABLE 2. Glucosamine-6-phosphate synthase activity
in cell extracts and ICs,s for inhibitors

Glucosamine syn- 1Cs of:
Strain thase spﬁact“

(wmol h™ ' mg  UDP-GIcNAc FMDP¢

of protein™1) (mM) (~rM)
S. cerevisiae BJ1991 (GFAI) 0.20 2.50 10.0
C. albicans 10261 (GFAI) 0.28 0.67 4.0
S. cerevisiae RS417-1B (gfal-1) 0.0 NAP NA
S. cerevisiae RS417-1B X 0.36 0.62 39

YCpCaGFA

“ Amidotransferase specific activities were measured in triplicate in cell ex-
tracts. Errors were less than 5%.
> NA, not applicable.

from C. albicans ATCC 10261 were measured (Table 2). En-
zyme activity was not detected in RS417-1B. However, when
this gfal strain was transformed with YCpCaGFA, glucos-
amine-6-phosphate synthase levels comparable to those for
BJ1991 were measured. This further confirmed the isolation of
the structural GFAI gene from C. albicans.

The extent of inhibition of the S. cerevisiae and C. albicans
glucosamine-6-phosphate synthases by UDP-GIcNAc and FMDP
was also studied (Table 2). The concentration of UDP-GIcNAc
required to give 50% inhibition (ICs,) was 2.5 mM for the S.
cerevisiae enzyme and 0.62 to 0.67 mM for the C. albicans en-
zyme. FMDP, a glutamine analog and specific inhibitor of glu-
cosamine-6-phosphate synthase, gave ICs,s of 10 wM for the
S. cerevisiae enzyme and 4.0 pM for the C. albicans enzyme.
Hence, the C. albicans enzyme was more sensitive to both in-
hibitors. The ICsys for the extracts from the S. cerevisiae gfal
cells transformed with the C. albicans GFAI gene were similar
to those obtained with C. albicans ATCC 10261, confirming the
presence of the C. albicans GFAI gene product in this trans-
formant and suggesting that the activity of the enzyme was not
affected by possible differences in posttranslational modifica-
tions between these yeasts. Therefore, overexpression of the C.
albicans GFAI gene in S. cerevisiae would appear to provide a
useful route toward the analysis of the structure and function
of the C. albicans enzyme, which represents a potential target
for antifungal drugs.
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